To examine the influence of silicate ions on a conversion process of condensed ferric hydroxide (Fe(OH) 3 ) gel to ferric oxyhydroxides and iron oxides, the Fe(OH) 3 gel was aged at 60°C in the presence and absence of silicate ions. Fine particles and supernatant solution were sampled from the aged suspensions containing colloidal particles. Powder X-ray diffraction (XRD) and transmission electron microscopy (TEM) have been used for characterizing the resulting solid particles. XRD profiles and TEM micrographs showed that the Fe(OH) 3 gel transferred into b-FeOOH and a-Fe 2 O 3 particles by aging in the absence of silicate ions. On the other hand, silicate ions suppressed the conversion of the Fe(OH) 3 gel to b-FeOOH and a-Fe 2 O 3 particles. The conversion of the Fe(OH) 3 gel to a-Fe 2 O 3 particles is almost independent of pH of solution under the conditions in the present study, indicating that silicate ions essentially suppress the formation of b-FeOOH and a-Fe 2 O 3 particles.
Introduction
Corrosion products formed on the steel surface are composed of ferric hydroxides, oxyhydroxides, oxides, and so on. As the corrosion products can reduce the corrosion rate of the steel substrate in atmospheric corrosion, the stability and structure of the corrosion products are of great importance. 1, 2) However, constitution of the corrosion products is likely to be changed by alloying elements and atmospheric conditions, e.g. wetting and drying. Thus, characterization of structural and morphological changes of component of the corrosion products via aqueous solution is required. In particular, since akaganeite (b-FeOOH), a ferric oxyhydroxide containing chloride ion, is considered the most detrimental to corrosion-resistance of steel, the effects of cations and anions on the formation of b-FeOOH particles have been focused. Nowadays, some elements have been found to strongly influence the formation of b-FeOOH. [3] [4] [5] The morphology and stability of ferric oxyhydroxides are correlated with the linkages of the local structure, which is fundamentally described by FeO 6 octahedral structural units. 1, 6) The FeO 6 octahedral structural units are kept even in the amorphous state of ferric hydroxide (Fe(OH) 3 ).
7) The linkages of the local structure are likely to be influenced by cations and anions. Virtually, some anions such as sulfate ions have been reported to play an important role in control of the morphology of monodispersed hematite (a-Fe 2 O 3 ) fine particles formed in aqueous solution. [8] [9] [10] [11] [12] Typically, the shape of a-Fe 2 O 3 particles can be controlled by the specific adsorption of sulfate ions on the surface parallel to the caxis of a-Fe 2 O 3 particles during conversion from b-FeOOH to a-Fe 2 O 3 . Such adsorption of sulfate ions is considered to suppress the crystal growth perpendicular to the c-axis, resulting in the anisotropic crystal growth in a-Fe 2 O 3 synthesis. 13, 14) In addition, the addition of sulfate ions has been also shown to accelerates the b-FeOOH formation from the Fe(OH) 3 gel, but delayed the conversion from b-FeOOH to a-Fe 2 O 3 , 5) although role of sulfate ions in these conversion processes is still studied.
Whereas sulfate ions mainly come from the environment in atmospheric corrosion, some anions are also likely to originate from alloying elements. For instance, silicate ions are formed by oxidation of silicon contained in steel. However, an influence of silicate ions on the formation of ferric oxyhydroxides is still unclear. These backgrounds prompt us to study the influence of silicate ions on conversion processes of Fe(OH) 3 to b-FeOOH and a-Fe 2 O 3 . In this work, powder X-ray diffraction (XRD) and transmission electron microscopy (TEM) were used for characterizing the structure and morphology of fine particles obtained during the conversion processes of Fe(OH) 3 in the presence and absence of silicate ions. Since the addition of silicate ions was found to increase pH of aqueous solution, fine particles obtained from suspensions without silicate ions under different initial pH conditions were also characterized.
Experimental

Samples
Reagent-grade ferric chloride hexahydrate (FeCl 3 · 6H 2 O), sodium hydroxide aqueous solution (10 mol dm Ϫ3 ), and sodium orthosilicate n-hydrate (Na 4 SiO 4 · nH 2 O (nϭ3.4)) were used as received. The method to prepare b-FeOOH and a-Fe 2 O 3 particles was fundamentally identical to the previous one. 9, 10) The ferric chloride solution was filtered through 0.2 mm milli-pore filter to remove insoluble particulates. The concentration of silicate ions was adjusted to be 0, 0.010, and 0.050 mol dm
Ϫ3
. Aqueous NaOH solution (5.4 mol dm
) was added to the same volume of 2.0 mol dm Ϫ3 FeCl 3 containing Na 4 SiO 4 · nH 2 O at 0°C over the period of more than 10 min under agitation. The highly viscous Fe(OH) 3 gel was formed through these processes, and then it was aged at 60°C for different time from 4 h to 90 d, in order to study conversion processes of the Fe(OH) 3 gel to b-FeOOH and a-Fe 2 O 3 particles. After a given aging time, the solution was cooled down to room temperature by using running water. Solid particles were separated from the suspension by centrifugation of 18 000 rpm for 30 min, and they were washed two-times with doubly distilled and deionized water and freeze-dried.
Since the addition of silicate ions was found to increase pH of the solution as shown later, an influence of initial pH on the conversion of Fe(OH) 3 without silicate ions was also studied. The initial pH was changed by controlling the amount of 5.9 mol dm Ϫ3 NaOH solution added to the solution, and as a result solutions with pH of 3.06, 3.87, and 6.96 were prepared. The Fe(OH) 3 gel prepared through these processes was aged at 100°C for about 2 d.
Measurements
The crystallographic structures of particle samples were identified by Rigaku RAD-B RINT 2000 system using Nifiltered Cu Ka irradiation (36 kV, 20 mA). Particles were observed with using a transmission electron microscope, JEOL JEM-1200EX II with an acceleration voltage of 60 or 120 kV. The pH value of the supernatant solution separated from the suspension was recorded with TOA DKK pH meter HM-60G.
Results and Discussion
The Conversion of Fe(OH) 3 by Aging at 60°C
Fe(OH) 3 In order to compare the structural results obtained by XRD with the morphology of solid particles, the morphology was observed using TEM. Figure 4 shows TEM micrographs of solid particles obtained from the suspension with 0, 0.010, and 0.050 mol dm Ϫ3 Na 4 SiO 4 . The TEM micrographs of 0 and 0.010 mol dm Ϫ3 Na 4 SiO 4 aged for 3 d exhibit very fine b-FeOOH particles, which correspond to the XRD profiles as shown in Figs. 1 and 2 . A remarkable difference is found between the morphology of solid particles aged for 30 d with different amounts of silicate ions. Ellipsoidal particles of black contrast were emerged by aging. These particles were characterized as the a-Fe 2 O 3 structure by the selected-area electron diffraction. The results correspond to the formation of pseudocubic and ellipsoidal a-Fe 2 O 3 particles in previous works. 8, 9) XRD profiles shown in Figs. 1 and 2 about 500 and 700 nm in particle long axis in the suspension with 0 and 0. 
pH Changes by Aging at 60°C
In order to obtain information complementary to the formation of b-FeOOH and a-Fe 2 O 3 particles in the condensed Fe(OH) 3 gel, pH of the supernatant solutions separated from the aged suspensions was measured. 
Influence of Initial pH
As the addition of silicate ions increases pH of the solution, an influence of pH on the conversion of the Fe(OH) 3 gel without silicate ions should be studied. In this work, the particles formed under different initial pH at 100°C were characterized. Change of the aging temperature from 60 to 100°C enabled us to shorten the evaluation periods for the conversion of Fe(OH) 3 6) The effect of silicate ion on the formation rate resembles that of phosphate, whose excess addition resulted in the complete suppression of hematite growth. 10, 15) This silicate influence can be explained by its extremely strong adsorption on every surface and then the suppression of the particle growth, as the shape was controlled to be ellipsoidal by the specific adsorption (Fig.  4(b)-(iv) ). Alternatively, silicates may suppress the formation of Fe complexes precursory to particle formation by their forming the other Fe complexes as a ligand. In both cases, the remarkably strong affinity of silicate with Fe may lead to the inhibition of particle growth. However, detailed characterization and evaluation will be needed for the complete understanding of this effect. In addition, atomic level actions of the silicate ions may be further characterized with various evaluation methods, such as infrared spectroscopy, EXAFS, and chemical analyses.
Conclusions
Powder XRD, TEM, and pH measurement have been used for characterizing influences of silicate ions on the conversion of Fe(OH) 3 gel to solid particles of b-FeOOH and a-Fe 2 O 3 by aging. Main concluding remarks obtained this work are as follows:
(1) XRD profiles show that the addition of silicate ions suppresses the conversion of the Fe(OH) 3 
